The authors prospectively examined whether change in dietary glycemic index (GI), glycemic load (GL), fiber intake, or whole-grain intake during puberty is associated with concurrent change in percentage of body fat (%BF) or body mass index (BMI; weight (kg)/height) 2 . Linear mixed-effects regression analyses were performed in 215 participants from the Dortmund Nutritional and Anthropometric Longitudinally Designed (DONALD) Study (Dortmund, Germany) who possessed weighed 3-day dietary records and anthropometric data at puberty onset (defined by age at takeoff) and over the subsequent 4 years (1988)(1989)(1990)(1991)(1992)(1993)(1994)(1995)(1996)(1997)(1998)(1999)(2000)(2001)(2002)(2003)(2004)(2005)(2006)(2007). Neither changes in dietary GI, GL, fiber intake, nor whole-grain intake were associated with concurrent changes in %BF throughout puberty (change in %BF: À0.03 (standard error (SE), 0.11) per standard deviation (SD) increase in GI (P ¼ 0.8); À0.01 (SE, 0.11) per SD increase in GL (P ¼ 0.9); 0.02 (SE, 0.14) per SD increase in fiber intake (P ¼ 0.9); and 0.09 (SE, 0.13) per SD increase in whole-grain intake (P ¼ 0.5)). Similarly, no concurrent associations were observed between these dietary factors and BMI SD scores. Associations of dietary GI with %BF and BMI SD score differed between overweight and normal-weight adolescents (for concurrent association, P for interaction was 0.03 for %BF and 0.08 for BMI SD score). Dietary GI, GL, and fiber and whole-grain intakes in healthy, free-living adolescents do not appear to be relevant to the development of %BF or BMI during puberty. adipose tissue; adolescent; body mass index; cereals; dietary fiber; glycemic index Abbreviations: BMI, body mass index; DONALD, Dortmund Nutritional and Anthropometric Longitudinally Designed; SD, standard deviation.
Over the last few years, the role of carbohydrate qualitydietary glycemic index, glycemic load, and intakes of fiber and whole grain-in weight gain has become an important issue in the public consciousness. In adults, most (1-6) but not all (7) prospective observational studies have found that a higher dietary glycemic index or lower intakes of fiber and whole grain are independently associated with weight gain. To date, 2 prospective studies in adolescents have investigated the association of fiber (8) and whole-grain (9) intakes with the development of body composition; only the latter (9) found an independent prospective association with lower body mass index (BMI; weight (kg)/height 2 (m 2 )). With respect to dietary glycemic index and glycemic load, only cross-sectional evidence is available for children and adolescents (10) (11) (12) (13) (14) . Of the published studies, Nielsen et al. (14) reported a positive association between dietary glycemic index and sum of skinfolds among 16-year-old Danish boys. Puberty may represent a so-called ''critical period'' for obesity risk-that is, a developmental stage in which physiologic alterations increase the later risk of obesity (15) . Adolescence is indeed a dynamic period of physical, behavioral, and hormonal changes, including the development of physiologic insulin resistance, which is confined to peripheral tissues (16) . It is thus intriguing to investigate whether changes in dietary factors, which may modulate insulin sensitivity, are of specific relevance for the development of overweight during puberty (17) . The quality of carbohydrate consumed ranks among the nutritional factors most importantly related to insulin resistance (18) . Therefore, we analyzed 1) the cross-sectional associations of dietary glycemic index, glycemic load, and intakes of fiber and whole grain with percentage of body fat or BMI around the time of puberty onset and 2) the effects of changes in these measures of carbohydrate quality over the course of the 4 years after puberty onset on the concurrent development of percent body fat or BMI. Since observational and prevention studies in adults (5, 19) have suggested that these associations may differ between overweight and normal-weight persons, we also considered potential interaction with overweight status at baseline.
MATERIALS AND METHODS

Study sample
The present study was ancillary to the Dortmund Nutritional and Anthropometric Longitudinally Designed (DONALD) Study, the aim of which is to collect detailed data on diet, growth, development, and metabolism from infancy to adulthood in Dortmund, Germany. Details on the study protocol have been provided elsewhere (20) . The study was approved by the ethics committee of the University of Bonn (Bonn, Germany), and all examinations were performed with parental consent.
The children who were initially recruited into the DONALD Study differed considerably in age. In order to attain reasonably accurate estimates of age at takeoff, the earliest marker of puberty onset (see below), boys had to possess height measurements from age 6 years onwards and girls had to possess height measurements from age 5 years onwards. In total, age at takeoff could be reliably estimated for 376 subjects. Of these, 215 adolescents (99 boys and 116 girls) who had complete anthropometric and nutritional data around the time of age at takeoff and information on potential confounders were included in the present study. Because of the open cohort design of the DONALD Study, participants' ages at takeoff fell between 1988 and 2003, with boys experiencing takeoff later than girls (mean ages at baseline and endpoint: 10.3-14.3 years in boys and 8.7-12.7 years in girls). Since 94% of participants had the maximum of 5 measurements, analyses were based on 1,048 observations made between 1988 and 2007.
Anthropometry and estimation of puberty onset
In the DONALD Study, anthropometric measurements are performed at each study visit by nurses who have been trained according to standard procedures (21) , with the children dressed only in underwear and barefoot. From the age of 2 years onwards, standing height is measured to the nearest 0.1 cm using a digital stadiometer (Harpenden Ltd., Crymych, United Kingdom). Weight is measured to the nearest 0.1 kg using an electronic scale (Seca 753E; Seca Weighing and Measuring Systems, Hamburg, Germany). Skinfold thicknesses are measured from age 6 months onwards on the right side of the body to the nearest 0.1 mm using a Holtain caliper (Holtain Ltd., Crosswell, United Kingdom).
In the current study, sex-and age-independent standard deviation (SD) scores were calculated using the German reference curves for BMI (22) . Percent body fat was calculated using the equations of Slaughter et al. (23) . Overweight was defined according to the International Obesity Task Force BMI cutoffs for children, which correspond to an adult BMI of 25 (24) .
Chronologic age may be confounded by children of the same age differing considerably in their pubertal stage. Defining puberty on the basis of visual observation according to Tanner stage instead has been criticized as being subjective, with considerable interobserver variability (25) . Conversely, puberty determined from serial height measurements can provide more accurate estimates. We thus chose the parameter age at takeoff-that is, age at minimal height velocity, as estimated using the Preece and Baines formula (26)-to define the onset of puberty. All of our participants attained peak height velocity within 4 years after puberty onset; that is, all of our subjects reached an advanced stage of puberty within our study period.
Nutrition assessment
Food consumption in the DONALD Study is assessed using weighed 3-day dietary records as described previously (20) . Mean energy and nutrient intakes are calculated using the in-house nutrient database LEBTAB (27) . In the current study, intakes of energy and the other dietary variables were calculated as individual means of the 3-day weighed records.
Glycemic index, glycemic load, and intakes of fiber and whole grain Dietary glycemic index is defined as the incremental area under the glucose response curve following the intake of 50 g of carbohydrate from a test food as compared with the area under the glucose curve induced by the same amount of carbohydrate from ingested glucose (28) . Dietary glycemic load is defined as the amount of each carbohydrate multiplied by its respective glycemic index.
For the present analysis, each carbohydrate-containing food recorded in the dietary record was assigned a dietary glycemic index value (based on glucose as the reference food) according to a standardized procedure (29) . Foods were assigned either 1) a published glycemic index (30), 2) the dietary glycemic index of a close match, or 3) the dietary glycemic index calculated from the glycemic indexes of the food's ingredients, using recipes available in the in-house database. The carbohydrate content of the food was the principal consideration when matching a particular food with one listed in the tables. Foods containing mainly fat or protein with a carbohydrate content below 5 g per 100 g (e.g., cold meats) were assigned a glycemic index of 0.
Dietary fiber content was calculated using the LEBTAB database (31) . Whole-grain intake in the present analysis was estimated by assigning whole-grain content in grams to each carbohydrate-containing food recorded in the dietary record, using both recipes and ingredient information. Whole grains considered in our study included amaranth, whole buckwheat, bulgur, spelt, spelt flakes, barley flakes, whole barley, unripe spelt, whole and rolled oats, oat flakes, oat flour, millet, millet flakes, whole kamut wheat, corn bran, unpolished rice, popcorn, puffed rice, puffed wheat, puffed spelt, whole rice flour, rice flakes, wholemeal rye, rye flour, whole triticale, whole wheat, wheat germ, wheat bran, whole-wheat flakes, and whole-wheat flour.
To obtain the mean daily glycemic index and glycemic load values of each subject, we multiplied the carbohydrate content (in grams) of each food consumed by the food's glycemic index. The sum of these glycemic load values for each food corresponds to the total glycemic load, and the total glycemic index is obtained by dividing the total glycemic load by the total carbohydrate intake. The mean daily intake of fiber or whole grain was the sum of the fiber or whole-grain content of all foods consumed.
Statistical analysis
SAS procedures (SAS, version 8.02; SAS Institute Inc., Cary, North Carolina) were used for data analysis. Analyses indicated no interactions between sex and the relation of dietary glycemic index, glycemic load, fiber intake, or whole-grain intake with the development of percent body fat or BMI SD score (range of P values: 0.2-0.9). Thus, data from girls and boys were pooled for all analyses.
Anthropometric and nutritional intake data around age at takeoff (baseline) and 4 years after age at takeoff (endpoint) were compared by means of paired Student's t tests for continuous data and McNemar tests for categorical data. Energy-adjusted residuals of dietary glycemic index and fiber intake at baseline were grouped into tertiles for illustration of their cross-sectional associations with general characteristics and other nutritional intake data.
Linear mixed-effects regression models (PROC MIXED in SAS), including both fixed and random effects, were used to construct longitudinal models of either percent body fat or BMI SD score trajectories between baseline and endpoint. A repeated statement was used to account for the lack of independence that exists between repeated observations of the same person. Dietary glycemic index, glycemic load, intakes of fiber and whole grain, and time (age, age 2 ) were the principal fixed effects, and family was included as a random effect. Age at takeoff was considered the baseline visit (i.e., time ¼ 0). These analyses yielded 3 regression coefficients representing the following: 1) cross-sectional estimate-an estimate for the regression of dietary glycemic index, glycemic load, fiber intake, or whole-grain intake at baseline on percent body fat or BMI SD score at baseline; 2) prospective estimate-the slope of the regression of these dietary variables at baseline on the change in percent body fat or BMI SD score over the study period (not presented in Results); and 3) concurrent estimate-the slope of the regression of the change in these dietary variables over the study period on the concurrent change in percent body fat or BMI SD score. The change in dietary glycemic index, glycemic load, fiber intake, or whole-grain intake over the study period was calculated by subtracting baseline intake from the intake recorded during each year of assessment.
All dietary variables were expressed as sex-and agespecific SD scores (mean ¼ 0; SD, 1). This approach allowed comparison of all unadjusted models with the respective energy-adjusted models; that is, SD scores were used in models without energy adjustment and studentized (mean ¼ 0; SD, 1) residuals (32) were used in models with adjustment for energy. The fixed effects of sex, maternal overweight (BMI ! 25), maternal education (!12 years of schooling), household smoking status, birth year, full breastfeeding for at least 2 weeks, meal frequency during the first 2 years after age at takeoff, and physical activity (active, moderately active, or inactive at age 9 years) were also considered, since these variables could potentially affect the association between the principal dietary variables and percent body fat or BMI SD score. Other nutritional variables-intakes of energy, protein, and added sugar and dietary glycemic index (in the fiber model) or fiber intake (in the glycemic index and glycemic load models)-were also included. All 3 terms per potential dietary confounder were considered-that is, intake at baseline, intake at baseline 3 time, and change in intake during the study period. Only those variables that substantially modified the association of the principal dietary variables with percent body fat or BMI SD score in the basic models or significantly predicted the outcome variable or improved the fit statistic (Akaike's Information Criterion) were included in the subsequent multivariate analyses. All analyses were performed with the significance level set at P < 0.05, except for the analysis of interaction, where P < 0.1 was considered significant.
RESULTS
Anthropometric and nutritional data on our subjects at baseline and at the endpoint are given in Table 1 . Mean BMI SD scores were close to 0 at both baseline and the endpoint, indicating that the BMI of our sample was comparable to that of the German reference population at both time points. The proportions of overweight subjects at baseline and the endpoint were the same; however, this category included different participants at each of the 2 time points. An increase in energy intake from baseline to endpoint was accompanied by a change in carbohydrate quality during puberty; that is, dietary glycemic index and glycemic load increased, while the fiber and whole-grain intake densities (g/1,000 kcal) were maintained.
Unexpectedly, at baseline, higher energy-adjusted levels of dietary glycemic index (but not glycemic load; data not shown) tended to be associated with a lower prevalence of overweight (Table 2) , while higher energy-adjusted fiber intakes were related to a higher prevalence of overweight (Table 3) . Except for higher fiber intakes at baseline being associated with higher paternal educational levels, energyadjusted dietary glycemic index and fiber intake at baseline were not related to socioeconomic status in our sample. A higher reported energy-adjusted dietary glycemic index was associated with a higher dietary glycemic load and a higher intake of added sugar, as well as with lower intakes of protein and fiber (Table 2) . Conversely, a higher energyadjusted fiber intake was related to higher intakes of protein and whole grain, a lower dietary glycemic index, and lower intakes of added sugar, fat, and saturated fatty acids (Table 3) .
For comparison with previous studies, Tables 4 and 5 present the cross-sectional associations between the carbohydrate quality variables and body composition at baseline, as well as the estimates of concurrent changes, our main focus of interest. Linear mixed models confirmed a crosssectional association of higher fiber intake with higher levels of percent body fat and BMI SD score, while dietary glycemic index, glycemic load, and intakes of whole grain and carbohydrate (data not shown) did not display cross-sectional associations with percent body fat and BMI SD score. With respect to concurrent change, no associations between dietary glycemic index, glycemic load, carbohydrate intake e Derived from the age-and sex-specific cutpoints proposed by the International Obesity Task Force, which are linked to the adult body mass index cutoff point of 25 (24) .
f Fewer than 5 eating episodes per day.
(data not shown), fiber intake, or whole-grain intake were found with either percent body fat or BMI SD score. In the present study, the association between dietary glycemic index and percent body fat or BMI SD score was modified by overweight status at baseline (for interaction at baseline, P ¼ 0.04 for percent body fat and P ¼ 0.07 for BMI SD score) ( Table 6 ). Among overweight adolescents, a higher dietary glycemic index at baseline tended to be associated with higher percent body fat (P ¼ 0.05) and BMI SD score (P ¼ 0.01) at baseline, while no association was observed for normal-weight adolescents. Moreover, there was a suggestion of effect modification by overweight status in the concurrent association (P for interaction: 0.03 for percent body fat and 0.08 for BMI SD score). However, estimates of the concurrent association in the subgroup analysis did not reveal any associations.
DISCUSSION
The present study suggests that, among healthy adolescents, changes in the quality of dietary carbohydrate consumed during puberty do not affect the concurrent development of percent body fat or BMI. Similarly (although this was not the focus of the present analysis), changes in the quantity of carbohydrate consumed do not appear to be relevant to these measures of body composition-neither total carbohydrate intake nor carbohydrate intake adjusted for its glycemic potential (i.e., dietary glycemic index). A higher dietary glycemic index has been proposed as a risk factor for weight gain and obesity (33) . This notion builds on findings from experimental studies that a highglycemic-index meal may induce reactive hypoglycemia in the late postprandial phase, which may in turn lead to hunger and higher voluntary energy intakes (34) . Most previous cross-sectional studies in children and adolescents (aged 6-17 years) (10-13), but not all (14) , have not found independent associations between dietary glycemic index or glycemic load and measures of body composition. In line with these studies, we did not observe cross-sectional associations between dietary glycemic index or glycemic load and percent body fat. Surprisingly, most cross-sectional and concurrent estimates indicated inverse (though not significant) associations. One possible explanation for this finding may lie in the observation that a meal with a higher dietary glycemic index is associated with lower subsequent energy intakes among children consuming their next meal 3-4 hours later (35) -that is, before reactive hypoglycemia may have developed. Conversely, adverse effects of a high-glycemic-index meal may only become relevant if long time intervals elapse between meals, allowing enough , sex, maternal overweight, and full breastfeeding for at least 2 weeks, as well as energy intake (studentized residual), glycemic index (in the fiber and whole-grain models), or fiber intake (in the glycemic index and glycemic load models) (each as intake at ATO, intake at ATO 3 time, and difference in intakes between ATO and 4 years after ATO).
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In this study, effect modification by overweight status was observed for both cross-sectional and concurrent associations between dietary glycemic index and percent body fat or BMI SD score. Interestingly, this effect modification was not seen for dietary glycemic load or total dietary carbohydrate intake. The cross-sectional association revealed tendencies towards higher body fat percentages and BMI SD scores among overweight adolescents consuming meals with a higher dietary glycemic index. Thus, the effect of higher-glycemic-index intake may be of specific relevance for this subgroup of children with overweight at puberty onset, who are likely to be less sensitive to insulin (18) . This finding is in line with recent clinical weight-loss studies and other observational studies, which suggest that persons with , birth year, maternal overweight, and full breastfeeding for at least 2 weeks, as well as energy intake (studentized residual), glycemic index (in the fiber and whole-grain models), or fiber intake (in the glycemic index and glycemic load models) (each as intake at ATO, intake at ATO 3 time, and difference in intakes between ATO and 4 years after ATO).
higher postprandial insulin secretion or persons who are overweight are particularly responsive to a change in dietary glycemic index or glycemic load (5, 19) . In our study, tests for interaction indicated that the association between change in dietary glycemic index and the concurrent change in body composition also differed between overweight and normalweight subjects (P for interaction: 0.03 for percent body fat and 0.08 for BMI SD score), but stratified analyses did not show concurrent changes for either weight status group. However, the concurrent estimates should be interpreted cautiously, since this subgroup analysis (36 overweight participants) had a statistical power of only 5% for the concurrent change estimate, while power was 79% for the cross-sectional estimate. Taken together, our data suggest that higher levels of and/or increases in dietary glycemic index during puberty may exert detrimental effects on the future development of body composition only among adolescents whose body weight is already elevated.
It could also be argued that relatively high dietary glycemic index values may be necessary in order for adverse effects to manifest. In comparison with the dietary glycemic indexes observed in other studies with children and adolescents (12, 14) , the mean dietary glycemic indexes in our sample were slightly lower. Furthermore, only modest increases in dietary glycemic index during puberty were seen in our population. Nonetheless, despite our healthy, free-living adolescents' being characterized by a relatively high socioeconomic status, a low prevalence of overweight, and , sex, maternal overweight, and full breastfeeding for at least 2 weeks, as well as intakes of energy (studentized residual) and fiber (as intake at ATO, intake at ATO 3 time, and difference in intakes between ATO and 4 years after ATO). Consumption of high-fiber meals has been reported to yield beneficial effects on objective and subjective measures of satiety in experimental studies conducted in adults (37) . However, in the one prospective study carried out in children and adolescents to date, no association between fiber intake and weight change was observed (8) . Similarly, our data did not support the expectation that an increase in fiber intake would beneficially affect the development of body composition during puberty. Again, it could be argued that beneficial health effects of fiber intake on body composition may require relatively high intake levels. However, overall fiber intake in our sample was higher than that in other studies of adolescents and higher than the recommendations for this age group (8, 10, 38, 39) . Therefore, from a practical point of view, the intake level in our sample may leave little room for a further increase that could then beneficially affect the development of body composition.
In contrast to previous cross-sectional studies in children (8, 10, 40, 41) , higher fiber intakes in our study were crosssectionally related to higher levels of percent body fat and BMI SD score, with the highest proportion of overweight adolescents being in the highest tertile of fiber intake (25%). This initially unexpected finding probably reflects the fact that those adolescents who were overweight at baseline may have been particularly health-conscious; that is, they may have intended to lower their body weight by selecting a ''healthier'' diet.
Our study had some limitations. Firstly, percent body fat was estimated from skinfold-thickness measurements, which are known to be more susceptible to measurement error than are specialized research-based techniques (42) . However, intra-and interobserver variability is notably lower when measurements are conducted by trained personnel, as was the case in the present study (20) . Secondly, glycemic index values had to be calculated for approximately 36% of the carbohydrate-containing foods from the glycemic index values of their ingredients. While this procedure has been controversially discussed (43) , several reports suggest that the glycemic index of a whole diet or mixed meal can be accurately estimated from the glycemic index values of the individual foods it contains (44, 45) . Thirdly, weighed 3-day dietary records may not be representative of habitual dietary intake. However, the use of repeated 3-day dietary records may have partly overcome this potential limitation. Fourthly, adjustment for physical activity did not explain our findings; however, this is probably attributable to the fact that only a very crude measure of physical activity was available. Additionally, the elaborate design of the DONALD Study produces a relatively small study sample characterized by participants of high socioeconomic status, who may not resemble an ''at-risk'' population. Nonetheless, our study had several strengths, including its prospective nature and the repeated, detailed measurement of both anthropometric and dietary data in conjunction with the ability to adjust for a number of major potential confounders. In particular, the analysis of associations between change in dietary intake and concurrent changes in body composition has been proposed to possess features of a quasi-experimental design (46) , in which some participants are assigned to a change in dietary glycemic index, glycemic load, fiber intake, or whole-grain intake and others are not. A further advantage lies in the use of weighed 3-day dietary records, which permitted a particularly detailed assignment of dietary glycemic index and whole-grain values for each carbohydrate-containing food. Moreover, unlike other studies in adolescents, which may be confounded by the different pubertal stages of their participants, we carefully chose our study period to cover the time period ranging from the very beginning of puberty (age at takeoff) to 4 years later, when all participants had reached an advanced stage of puberty.
In conclusion, our study does not support the common view that carbohydrate quality may be implicated in the current obesity epidemic. Our data indicate that dietary glycemic index, glycemic load, and intakes of fiber and whole grain do not appear to be relevant to the development of percent body fat or BMI during puberty, at least in healthy, free-living adolescents.
